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The main part of coherent pion production by neutrinos on nuclei is essentially 
determined by PC AC, provided that the leptonic momentum transferred square 
remains sufficiently small. We give the formulas for the charged and neutral current 
cross sections, including also the small non-PCAC transverse current contributions 
and taking into account the effect of the //“-mass. Our results are compared with 
the experimental ones and other theoretical treatments. 


INTRODUCTION 


Coherent production of pions by neutrinos has been studied by many experimental groups 
and measurements have been made for neutrino energies ranging from 2 to 80 GeV 0, 
y, y , 0, y, 0, @1 • The mam characteristics of such cross sections is that the energy of the 
recoiling nucleus and the invariant momentum transfer to it, always remain very small. A 
characteristic signature of these events is a sharp peak in the low |f| region. In addition to 
this, all experiments have observed that the momentum transfer from the leptonic sector 
also remains very small, sharply peaking at < 0.2 GeV^; while the dependence of the 


cross section on the neutrino energy appears logarithmic at high energies. 

However, problems with the existence of the coherence phenomenon might appear at the 
lower energies used for the new oscillation experiments K2K, MiniBoone, MINOS etc. In 
particular, a new measurement by the K2K group at an average neutrino energy Ei = 1.3 
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GeV, has set an upper bound on the coherent pion production by neutrinos, which is far 


below the theoretical expectations [9|]. This has raised questions on how accurately the 
coherent cross section can be calculated in such a low energy region, and whether detail 
event distributions may be predicted. 

Theoretical calculations on the other hand, have presented general arguments based on 
the partial conservation of the axial current (PCAC) and the dominance of the axial current 
by pions or axial vector mesons Q, till , or more complicated structures 13,13 
occasionally using nuclear physics models [3|- The situation is not yet settled. 


In some models one starts with the Adler relation in the = 0 limit and extrapolates 


it to small values. In the work of Rein and Sehgal |3l the pole due to the ai(1260) 
resonance is introduced together with other assumptions for estimating the pion-nucleus 
cross section. In several articles, Kopeliovich et al. Q have claimed that the pion pole 
term acting on the leptonic current gives a small contribution proportional to the lepton 
mass, and they are led to argue that the axial current must be dominated by heavy meson 
fluctuation like ai(1260) or the pn branch point. 

Instead, we show here that a careful PCAC treatment determines the dominant terms 
in a unique way. More specihcally, we decompose the leptonic current contribution into a 
spin=0 and spin=l state with three helicity components. The inner product of the helicity 
zero polarization vector with the axial hadronic current leads to matrix elements in the 
-C region, determined by PCAC as fT^T{'KN —>■ tiN), with T being the amplitude for 
the coherent pion-nucleus scattering, which is a smooth function of having no pion 
pole. This way, a Goldberger-Treiman-type relation is obtained, determining the true 
dominant contribution to coherent neutrino-pion production. In addition to this, there 
exist of course contributions arising from the transverse (off shell) vector and axial states, 
which are estimated phenomenologically and turn out to be very small. 

Since the kinematics for the charged current (CC) cross sections obey ~ ~ 

all mass terms are retained in the calculation of the density matrix of the leptonic current 
and the phase space. For the neutral current (NC) reactions, the neutrino masses are of 
course negligible and the formulae are simplihed. Using these, we plot da/dQ"^ for NC and 
CC pion production at small and compare the results. 

The purpose of the present paper is to contribute in clarifying the theoretical frame¬ 
work for coherent pion production processes. More explicitly, we show that for energies of 
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the produced pion above a few GeV, the main contribution to the coherent neutrino-pion 
production is determined by PCAC and the pion-Nucleus coherent scattering data. The re¬ 
maining contributions arising from transverse off-shell vector and axial mesons, must always 
be very small. In particular, the transverse vector contribution is expressed in terms of the 
7r° coherent photoproduction data, and it is thus reliably estimated. Estimating the axial 
transverse contribution is more difficult, but a Regge analysis indicates that it should be 
comparable or probably smaller than the transverse vector contribution. 

In the following, we present in Section II the general formalism for coherent tt^ or vr® 
production through neutrino scattering off a nucleus. In Section III we describe the experi¬ 
mental data and present our numerical results. The Conclusions appear in Section IV. 


II. THE FORMALISM 

For clarity, we hrst concentrate on the production process through coherent scat¬ 
tering off a heavy nucleus iV, according to the process 

where the momenta are indicated in parentheses. Here g = fci — /c 2 is the momentum four- 
vector transferred from the leptonic current to the nucleus N, so that its energy-component 
V = qo = El — E 2 (with Ei and E 2 being the and ii~ laboratory energies respectively) 
denotes the energy given by the current to the 7r’''A-pair in the Lab frame. 

In the coherent scattering regime the nucleus spin is not flipped, and its recoil must be 
minimal, so that v ~ with being the pion energy in the Laboratory frame. The 
existing experimental data also suggest that in the coherence regime 0 < = —q^ ^ 

0.2 GeV^, and that the squared momentum-transfer in the hadronic system t = {q — — 

{P — P'Y is peaked at very small values. 

The invariant amplitude for the process o may be written as 

Tw =-^^^u{k2)Y{^-lb)u{ki){V^ - A^) , ( 2 ) 

where the hrst factor gives the (z/^ ^ /r)-matrix element of the leptonic current, while 

V; = {ir+Af|y + iV'/IAf) , .4J = (ir+Af|/lJ + MjIAf) , (3) 
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describe (in momentum space) the hadronic matrix elements of the charged vector and axial 
currents respectively. Vud in © denotes the appropriate CKM matrix element. 

Since, the charged leptonic current is not conserved (m^ 7 ^ 0), it contains spin=0 degrees 
of freedom described by its component along the vector 

7P 






(4) 


as well as spin=l degrees of freedom describing off-shell gauge bosons with the helicity 
polarization vectors 

p 


eP{X = ±1) = T 



/ 0 \ 




1 

1 

0 

T 

±i 

, A = 0 = ^ 

0 


VoJ 


Uo/ 


(5) 


when g is taken along the i-axis. The A = =f 1 polarizations in © are often denoted as L(R) 
respectively, the vanishing helicity vector e^(A = 0 ) is identical to of jl^ . and e^{X)qp = 0 
is of course always satished. 

Anticipating that we later integrate over all relative angles between the {ki, /c 2 )-leptonic 
plane and the {q,Pn) pion production plane, the only density matrix elements needed for 
the above spin=0 and 1 states hitting the nucleus N are 


{Lrr + Lll) 


= Q" 


1 + 


{2Ei - v) 


2 -, 


m 


-^[2v{2E,-v)+ml] 




{Lrr-Lll) 2[Q^{2Ei - u) - uml] 


k 1 


2[Q^{2Ei-u) 

Loo = ^ ^ - f^-2{Q^ + ml) , 


Q^(p 


2iK 


La = 2 m„, -M 


Lio — 


2ml[Q^{2Ei - z/) - z/m^] 

Q^\q\ 


( 6 ) 


Using these and the hadronic current elements in ©, the square of the amplitude in Q, 
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summed over all n polarizations, is written as 

> j {Lrr + Lll) 


\Tw\‘ = GJ.|l4dl 




{Lrr — Lll) 


2 

Kv-^ 


|(V+-^+)- 6 (A)|^ 

\=L,R 


A*) ■ €(R)? - \(V* - A*) ■ 


Lll I 


+ LooKVt - Al+)e"(A = 0)|2 + —|(V; - A-t)qP\^ 




2L 


+ [(v; - ai:)6^(0)] ■ [(V,+ - A-I:)q^r 


(7) 


where the hrst two terms may be interpreted as giving the contributions from the transverse 
spin=l components of the hadronic currents, the third term gives the helicity A = 0 hadronic 
contribution, the fourth term arises from the spin=0 component, and hnally the last term 
from the interference of the latter two. 

We hrst concentrate on the axial current matrix elements in the last three terms of dZD, 
which turn out to give the most important contributions, for the GeV-scale kinematic region 
where coherence is relevant. The pion poles contained in these terms, induce a singularity 
at low Q^, which must be carefully separated, before any approximation is made. 

To achieve this we note that the axial hadronic element in Q consists of the pion pole 
contribution, and the rest we call 71^, induced by ai(1260) and any other isovector axial 
meson that might exist. It is thus, written as 


-iAt = TT+iV) 


7^^ 


Q2 ^2 

where T{7t~^N —>■ 7r’''A^) is the vr-nucleus purely hadronic invariant amplitude, 1 
and is a very smooth function of whose dependence on it is ignored jSf 
PCAC treatment leads to 

f 771 ^ 

-iqPA+ = {7i+N\dPA+\N) = T(7r+iV ^ vr+iV) 


( 8 ) 

~ 92MeV, 

. The usual 


UQ^V2 


+ ml 

T{7r+N tt+N) - q^n^^ , 


+ ml 

=-/,v^ T(ir+]V ^ Ir+Af) . 


(9) 

( 10 ) 


It is amusing to emphasize that (nm) is strongly reminisced of the classical Goldberger- 
Treiman treatment, where the pion pole not only determines d'^A^, but in fact also the 
complete axial current coupling 
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Using now (jH)), and e(0)pg^ = 0 implied by (jHE}, we conclude 


6(0)M; = -^e(0)^7^p ^ T(7r+iV ^ 7r+iV) , 


( 11 ) 


where in the hrst step the pion pole contribution vanishes identically, while the last step is 
due to the smoothness of IZ^ and the restriction to z/ 3> \/^, which justify the approxima¬ 
tion 

^ e^(0)~g7^. (12) 

In order for the simple pion dominating picture obtained below to be valid, the kinematics 
should always be chosen such that z/ S> To guarantee this we introduce the parameter 

^ in (jUl) of the Appendix. 

Since (HH) is our most important theoretical result, it might be worth emphasizing that 
it would be incorrect to apply the approximation m directly on the e{0)^Ap computation 
using (jHI), because that will replace the identically vanishing expression e^(0)gp/((5^ -|- 
by the non-vanishing and in fact large quantity + rn^) 0. 

The relations (iniiiH) fully determine the axial current contribution to the last three terms 
of Q. We also remark that these results are consistent with the Adler theorem in the parallel 

nn 

lepton conhguration jl2l,|2i|, provided we set = 0. 

Furthermore, the vector hadronic elements in the last three terms of dZD give no contri¬ 
bution; since the vector current is conserved, and the applicability of m for calculating 
e^(A = 0)V^ is guaranteed by the absence of any low mass singularity. Moreover, since in 
the coherence regime there is no i? — L polarization sensitivity to the vector or axial-vector 
boson cross sections, there will not be any contribution from the second term in ©• 

Thus, the CC neutrino coherent pion production cross section off a nucleus N becomes 


da{uN /i tt+A^) Gp\Vud\‘^i' 


dQ'^di'dt 


2 r 


L 


Too + Li 


m: 


+ ml 


2{2TifEl 
2^2 

+ 2L;o 


m: 


Q'^ + ml- 


da^Ti^N —>■ 7r’''A^) 

dt 


{Lrr + Lll) r 1 da{'yN 7^) da{A ^N tt+N) 


.27ra 


dt 


dt 


(13) 


expressed in terms of the leptonic density matrix elements in In deriving this expression 
we have integrated over all angles between the lepton- and (g, pA)-planes, and ignored any 
Vector-Axial interference in dZD, since it will anyway cancel out after the f-integration we do. 
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before comparing to the experimental data. Notice that in contrast to 0, the presentation 
in m hrst gives the numerically most important terms arising from the A = 0 and the 
spin=0 components of the leptonic current, and then the less important contributions from 
its transverse vector and axial components. 

In treating the phase space in m we have used 


W^ = {q + Pf = Ml-Q^ + 2Mnv ^ Mj, + 2Mnu ~ + 2MnE^ , (14) 


for the invariant mass-squared of the vr+iV-pair. Thus, the three differential cross sections 


occurring in the r.h.s. of m should be thought as functions of t, and the laboratory energy 


z/ ~ of the particle hitting the nucleus. 

We next turn to the last two terms within the curly brackets in (USD, which are induced 
by the transverse components of all off-shell vector and axial vector mesons coupled to the 
and A'^ matrix elements at very small compare (jSD- The vector term is directly 
related, (after an isospin rotation producing a factor 2), to 7r° photoproduction for unpo¬ 
larized photons. In deriving this, it is important to realize that the isoscalar part of the 
electromagnetic current does not contribute to the coherent amplitude. This contribution 
is estimated in the next section, using the experimental data j^. 

The transverse axial term within the curly brackets in (USD 


X=L,R 


da{A+N tt+N) _ E 


(15) 


12S7iAM^ 


dt 


expressed in terms of the axial matrix element of dSD, describes the cross section for 7r+- 
production through ’’transversely polarized charged axial currents”. To calculate it, we 
would need to know all possible aEl260)-type mesons that couple to the axial current, 
their couplings to it, and the corresponding a{a^rpN —*■ ti^N) off-shell transverse Oi cross 
sections, at very small Q^. We estimate this also in the next section. 

A similar procedure may be carried out for the NC coherent 7r°-production, for which the 


result 



{LRR + LLL)\{l-2sl,)‘^da{^N^7r^N) da{A+N^7r+N) 


2Tia 


dt 


dt 


2 


( 16 ) 












is found, provided the assumption 


da{7r~^N —> 7r’''iV) da{7r^N —*■ tt^N) 

dt dt 


(17) 


is made, which is on the same footing as the isospin rotation we used in writing m in 
terms of the 7r° photoproduction data. 

In ([ini), the leptonic density matrix elements are given by the same expressions as in (jhjl. 
with the obvious substitution —>• 0. Comparing the NC result to the CC in 
we see that there is no CKM factor now, and that the axial contribution to the NC cross 
section is a factor 2 smaller than the CC one. For the vector contribution though, an extra 
reduction by a factor (1 — 2s^)^ appears, which is due to the fact that Z couples not only 
to the S't/(2)i-current, but also to the isovector part of the electromagnetic current. 


III. NUMERICAL ESTIMATES AND RESULTS 


For numerical estimates we must calculate the three cross sections appearing in equations 
m and (HEl). The dominant contribution comes from a{7T~^N —*■ 7r’''iV), for which we use 
data on coherent scattering of pions on nuclei. This being the dominant term, we calculate 
it precisely and present the results in the hgures below. The other two cross sections involve 
coherent photoproduction of pions and the A'^N 7t~^N process, where the axial vector 
particles are transversely polarized and give smaller contributions. We have estimated them 
using available data and showed that they are very small. Thus, assigning to the latter two 
cross section an uncertainty even as large as 50%, does not affect our results. 

For isoscalar targets, like O^®..., isospin symmetry implies da{7r^N) ~ da{7r~N)_^ 
da{7i^N). In the actual calculation we use the coherent pion-Carbon scatte ring data (22| . 
with additional data being available on other nuclei and other energies in j23L l24|. Data 
from other nuclei are normalized to Carbon, using the A-dependence law observed in 
hadronic experiments Q and in pion photoproduction Q. 

In all cases, u is identihed with the laboratory pion energy, and the integration over t is 
done for the low values shown in Appendix A. Thus, the pion-carbon cross section d(j{'K^C —>■ 
'K^C)/dt is integrated from \t\min given in (IA2f) . to \t\max — 0.05 GeV^ corresponding to the 
hrst dip of the pion-carbon cross section. We checked that this tmin is sufficiently large for the 
cross section to be outside the Coulomb peak which also contributes to the ti^N scattering 
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at very small angles 



The resulting integrals are functions of the pion energy u, and 


the momentum transfer squared Q^, introduced through the lower limit of the f-integration. 


The results are shown in Figd for various u and values. 



FIG. 1; Pion-Carbon cross section integrated over t in the range discussed in the text, as a function 
of u, at different values of Q^. 


Integrating next (Hsiiini) over u in the range of (EH), we obtain the a{7r^N tt^N) 
contribution to the differential cross sections daivN and daivN —> 

1/71^N) /dQ"^, for the CC and NC reactions depicted in FigH We notice that the shapes 
of the CC and the NC distributions are different, most notably because of the m^-mass 
effects. The results in FigO correspond to ^ = 3, dehned in ()A7|1 . in order to be consistent 
with m- We also note that such shape differences as indicated in FigEl must be taken 
into account, in the comparison with the Adler parallel conhguration. 

Finally, integrating over in the region (jAlOjl . we obtain the results in Figl^land Fig0] 
are obtained. 

We next turn to the transverse vector and axial contributions supplying the terms pro¬ 
portional to the density matrix elements Lrr + in (1131 llb|) . For the photon induced 


reaction, there exist data on the photoproduction of mesons off nuclei 


dependence reported in 


d,y y. 


The A- 


261 is which indicates that the same shadowing as in vr-nucleus 


interactions takes place. Using then data on Pb from Fig. 9 of 


2l| at = 200 - 350 MeV, 
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0 0.05 0.1 0.15 0.2 

Q^, GeV^ 


FIG. 2: The differential cross sections for the coherent pion production by neutrinos da{i'N —> 
7r~^N)/dQ‘^ and da{vN — > vTT^N)/dQ‘^, for Ei = 1.0 GeV. Only cr(7r+A^ — > has been 

taken into account, since the transverse vector and axial contribution are negligible. The curves 
correspond to ^ = 3; see (EZI). 


and integrating them over the hrst peak, we obtain 

1 ^ 7^0AT) / 12 \ 

Jt V^/ 


27ra 


dt 


kmin I 


~ 1.40 mb 


( 18 ) 


where the factor 1/27^a comes from the elimination of the electromagnetic conpling, and 
(12/207)^/^ from changing the cross section from Lead to Carbon. The nnmerical valne 
in (fTH|l shonld be compared with the npper most cnrve in onr FigjT] We note that the 
transverse vector cnrrent contribntion is approximately 1%, of the pion contribntion. In 
addition to it, the ratio of their coefficients in {Lur + Lll)/2 to /^[Loo + in 

the interesting kinematic region is ~ 0.2. We conclnde therefore, that the transverse vector- 
cnrrent contribntion to (HI USD is negligible, compared the pion contribntion. 

Estimates of the transverse axial cnrrent contribntion at low energies are more difhcnlt, 
becanse of the absence of data. However, as argned below, this contribntion to dH ESI) 
shonld be very small and probably smaller than the transverse vector one. 

A very rongh estimate for (HU) may be obtained by assnming that it receives important 
contribntions from the a^(1260) resonance. We need two kinds of measnrements for this. 
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FIG. 3: Integrated cross section of the coherent pion production per carbon nucleus by neutrinos 
in the CC case. Only cr(7r'’'A^ —> tt~^N) has been taken into account, since the transverse vector and 
axial contribution are negligible. The upper bound is from K2K including one standard deviation. 
Dotted line represents integrated cross section with a threshold value for the muon energy > 450 
MeV. The theoretical curves correspond to .^ = 3; comDare (IA7|) . 


The first is the partial r“-width r(r“ —>• aiUr), which determines the ai coupling to the 
axial current /aj, dehned through (compare (jSI)) 

,2 


m„ 




L 


using 


r(r ^ Ur) = 


ml 


^ai ' 


ai 


2 \ 2 
^ _ Q-l 


1 + 


2m 


ai 


(19) 


( 20 ) 


V y V 

where (ruaj, ep(ai)) are the Oi mass and polarization vector, and mr is the r mass. Unfor¬ 
tunately the data for t~ —>■ a^Ur do not show a clear Stt resonant state. 

Using as an alternative the corresponding coupling of the p-meson to the isovector current 
fp ~ 32, determined from e.g. the r(p° —> data, and taking into account the fact 


that the oi-coupling to the axial current could not be stronger 


01 


we expect 


> 32 . 

J ai r\j ^ 


( 21 ) 


If in addition some data on da{'K^N —>• afrj,N)/dt for transverse oi production were 
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FIG. 4: Integrated cross section of the coherent pion production per carbon nucleus by neutrinos 
in the NC case. Only cr(7r'*'A^ —> tt~^N) has been taken into account, since the transverse vector 
and axial contribution are negligible. The experimental points for NC are from: □ MiniBoone 
A Aachen-Padova Q|, <C> Gargamelle Q]. The theoretical curve corresponds to ^ = 3. 

available, we would estimate 

dcr(A+iV ^ tt+N) 2 da{TT+N a^j^N) 
dt 7l dt ’ 


( 22 ) 


where the laboratory energy of the incident pion is again identihed with z/. 

To get a feeling of the relative magnitude of the transverse axial versus transverse vector 
contribution, we compare the inte gra ted 7r“p —> a^p data at = 16 GeV of [Slf, to the 
7 P —>• TT^p data = Q GeV of 1331 1 . 

The integrated diffractive cross section found in at E.„ = 16 GeV is a{n p ^ p) = 
250 ± 50 /ib. Most of this is of course helicity conserving and refers to the production of ai 
with vanishing helicity. According to the authors estimate j^l, the transverse helicity part 
constitutes a fraction of 0.16 ± 0.08 of this. Substituting this in (1^ . using (EH), we hnd 


a(Arpp —>■ vr p) < 2.5 ± 1.2 /ib , 

which should be compared with the transverse vector contribution 

1 


(23) 


m, 


33| 


27ra 


a{'yp TT^p) ~ 5 /ib ai E^ = Q GeV. 


(24) 
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In comparing ()23[ 12^ we should remember that the transverse vector and axial processes 
in are both determined by helicity-flip amplitudes. But in contrast to the a;-Regge 
trajectory which contributes uninhibited to the coherent vector amplitude Q; the only 
established Regge singularity that can contribute to the coherent axial amplitude would had 
been the Pomeron, provided the associate Oi-particles had helicity zero. Since the currents 
we consider are transverse though, the only possible contributions to the axial arnplitude 
arises, either from the small s-channel helicity violating component of the Pomeron 3^ |35[ , 


or the generally unimportant cr-trajectory. On the basis of these, we conclude that (12!^ is 
very likely an overestimate. For coherent production on a Carbon target, we must scale up 
the proton estimates (I2SII21 by a factor 12^/^ ~ 5.2, so that they always remain very small 
in comparison to the pion-Carbon coherent result that we plotted as the upper most curve 
in the Fig. [T] 

To sum up, the limited amount of data forced us to use phenomenological estimates 
which imply that the transverse contributions are very small in comparison to the pion 
term. Our results in Figs din based on the pion-nucleus data only, can be considered as 
lower bounds, with the actual cross sections being a few percent above them. 


We turn next to the implications for the oscillation experiments. Figure d shows our 
results for CC coherent contribution to neutrino-pion production for u > 

for = 3. The value of .^ = 3 is chosen so that condition 113 is satished. The hgure shows 
an almost linear increase with neutrino energies. We note that there is a rapid growth of 
the cross section, up to ~ 5 GeV. In fact at Ei = 2.0 GeV the cross section is almost 
three times bigger than at 1.0 GeV. For Ei = 1.3 GeV and ^ = 3, the predicted coherent 
GG cross section on carbon target is = 2 x 10“^°cm^ with the E 2 = E^ > 450 MeV cut 
applied. 

Unfortunately there exist no experimental data that take into account the ^ = 3-cut 
we have imposed for consistency with our approximation m- The only existing data for 
coherent pion production on Garbon [^, 


(J. 


rah ~ =*= 1-6 (stat) ± 3.6 (syst)) ■ 10 cm^ 


(25) 


are obtained by integrating over all //-values larger than Umin appearing in (HI, and therefore 
provide an upper bound to the value obtained when the ^ = 3-cut is imposed. They are of 
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course consistent with our result j4l| |. 

Finally, we apply our work to the coherent production of in neutral current reactions. 
This reaction is an important background in oscillation experiments searching for the oscilla¬ 
tion of i/^’s to z/e’s. Several oscillation experiments use two detectors with a long-base-line. 
The far away detector searches among other channels also for —»• e~ interactions. The 
7r°s produced via coherent scattering decay to two photons whose Cherenkov light mimics 
that of electrons. Furthermore, when the oscillation is to other types of active neutrinos all 
species contribute equally to coherent scattering, but only z/g’s produce electrons through the 
charged current. Thus a good understanding of coherent 7r° production is very important. 

The NC cross section is calculated from (USD, assuming a(7r^C —> n^C) ~ cr(7r’''C —>• 
TT+C), which follows from isospin symmetry. The NC cross section is approximately half 
as big as the CC cross section. The result is shown in hgure |3] with the solid curve again 
corresponding to ^ = 3. We plotted also three experimental points carried at three different 
energies and targets made of Carbon, Aluminum and Freon, respectively. We use Carbon as 
our reference nucleus and scale the results for other nuclei by the rule, as we discussed 
earlier. Rescaling the Aachen and Gargamelle data, we obtain the points in Fig0 The three 
points have large errors and are consistent with the theoretical curves. As in the CC case, 
we should mention though that the ^ = 3 cut, was not imposed in these data. If this was 
done, the data would had been considerably reduced. 

IV. CONCLUSIONS 

We revisited in this article coherent pion production by neutrinos. There are several 
reasons for returning to this old topic. First there are new data which are becoming available 
and need an explanation. Second, we clarify the theoretical framework for the CC and NC 
cross section formulas m and (HED- In doing this, we decompose the leptonic tensor into 
density matrix elements keeping the muon mass. Then we showed that a careful application 
of PC AC leads to the formulas (USD and (CHD, where the bulk of the coherent neutrino pion 
production is described by the coherent iiN —>■ ttN scattering, provided is sufficiently 
small and u S> \f^■ Only for such z/-values, we obtain the simple pion dominating picture 
presented in this paper. 

A third contribution is the discussion of data and estimates for the cross sections. To this 
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end we collected data for the coherent production of pions on nuclei with pion and photon 
incident beams. The relevant results for pion coherent scattering are shown in Fig. ^ while 
the photoproduction contributions turned out to be very small. Collecting all terms together 
we computed the differential and integrated cross sections shown in Fig. El-IH keeping the 
exact phase space. 

The results in Fig. |21 demonstrate that a careful test of PCAC demands that we keep 
the muon mass terms and the correct phase space, because, by neglecting the muon mass 
the integrated charged current cross section is overestimated by a factor of two. Corrections 
tom the muon mass are also discussed in references 1^ and in the Adler recollections 
1^. It will be important for future experiments that a cut like .^ = 3 is imposed, because 
only then is the validity of a PCAC treatment guaranteed. In any case, the integrated cross 
sections shown in Figures El and 0 are in satisfactory agreement with experimental data, in 
view of the large experimental errors. 

We feel that the analysis proposed in this article, together with the use of hadronic 
data, should provide accurate estimates for coherent pion production also at higher neutrino 
energies. 
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APPENDIX A: KINEMATICS 

In this Appendix, we give the kinematic limits for the integration of the differential cross 
sections in (usiiini). 
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The integration is organized by first performing the t-integral in the range 


l^minl < —t < 0.05GeV^ , 


(Al) 


where 


^min — 


(Q2 + mlf - \ -Q^, Ml) - v/A(fT2, ml, M^) 


4W^ 


+ m: 


2\ 2 


(A2) 


where A (a, b, c) = — 2ab — 2ac — 2bc is used. 

At hxed and s = {ki + P)^ = + 2MjvPi, the kinematical minimum and maximum 

I/-values are 

{WLn + Q^- Ml) 


where 


^ mir> 




2Mj\i 

(WL. + Q^- Ml) 


2M, 


N 


(A3) 

(A4) 


^Ln = {Mn + m 


2 

Try ? 


^ max * 4 \ ^ 


2X2/ . 

1 -^ 

S 




Mi 


mf^ ( Ml 


X 1 


M\ 


2 \ -1 


N 


{Q^ + ml) 


2\ -1 


(A5) 


(A6) 


To assure though that the condition for the validity of m is also satisfied, the //-integration 
is done in the range 

max : Z2 <I l^rnax ; (A7) 

where for the present application we selected ^ = 3. 

Finally, the kinematically allowed minimum value is 


C>2 . = 

^ mtn 


(s — Ml) 


1 / m,, hF 2 

l-AM 1,— 

s s 


hF^ • -Atpj/2 _ 

* * mm ' ^ * mm 


(AS) 

(A9) 


where (Hi is used. The interesting Q^-region for coherent scattering then is 


QLn <Q^< 0.2 GeV^ . 


(AlO) 
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